Advances in sensor technology have allowed the significant progress in the monitoring of noxious compounds in the sea, providing real-time detection so as to prevent risks associated with the diffusion and dispersion of toxic substances in the environment. An important element in the overall picture is the harmful algal blooms which pose serious threats to marine ecosystems through the production of toxins that accumulate in filter-feeders and ultimately impact both human health and fisheries. Domoic acid is a neurotoxic amino acid produced by marine planktonic diatoms of the genus Pseudo-nitzschia. Here we monitored domoic acid production by natural Pseudo-nitzschia populations in phytoplankton samples collected along the Middle Tyrrhenian coast, over the course of one year, using selective immunosensors based on screenprinted electrodes, using differential pulse voltammetry as the electrochemical technique, to yield quantitative outputs. In this work, disposable devices have been applied for monitoring the production of domoic acid on algal extracts and the results have been validated by conventional high pressure liquid chromatography-ultraviolet detection methods. The data obtained revealed the presence of domoic acid in Italian phytoplankton, especially in coastal impacted areas, highlighting the potential risk of toxin entering into marine food webs and the environment. Immunosensors based on screen-printed electrodes prove to be effective tools for annual monitoring of domoic acid in seawater samples, thus providing a reliable early warning system relative to health and economic impact of algal toxins.
Introduction
Harmful Algal Blooms (HABs) are an important environmental and public health problem all over the world and their economic impact can produce losses of great magnitude in the affected areas [1] [2] . HABs have been increasingly frequent, in recent years, endangering marine coastal life and food resources through massive growth of microalgae [3] [4] . Some HAB species produce toxins that may accumulate beyond the defined safety level in filter-feeders ultimately causing acute or chronic syndromes in humans. Marine biotoxins can also directly bring about animal mortalities, causing extensive seafood mortalities and seafood market closures involving the contaminated products [5] [6] .
The marine biotoxin domoic acid (DA) is an analogue of the excitatory amino acid glutamate and acts as a neurotoxin in animals. DA is primarily produced by planktonic diatoms belonging to the cosmopolitan genus Pseudo-nitzschia. During Pseudo-nitzschia blooms, DA can contaminate shellfish and other filter feeders and can be transferred by ingestion to higher trophic levels that include marine mammals, seabirds and humans, causing the neurologic syndrome known as Amnesic Shellfish Poisoning (ASP) [7] [8] [9] .
Blooms of Pseudo-nitzschia are recurrent phenomena in Italian coastal waters, with densities reaching up to 10 6 cell/L for prolonged periods of time and exceeding the regulatory level of 10 5 cell/L [10] [11] [12] . Ultrastructural examination of natural phytoplankton samples highlighted mass densities of at least six potentially toxic species in the Middle Tyrrhenian Sea (Mediterranean Sea) [12] and toxicity had been proven in cultures of Pseudo-nitzschia galaxiae and P. multistriata strains isolated from the Gulf of Naples [13] [14] . However, potentially toxic Pseudo-nitzschia species appear more widespread than the toxicity events in the whole Mediterranean basin, which indicates there is a high risk that toxicity may suddenly arise in some areas as a consequence of the increased exploitation of marine resources.
Following the first documented ASP event in Canada [15] , the European Commission Directive 2002/226/EC implemented a maximum permitted level (MPL) of 20 mg of domoic acid/kg in whole shellfish intended for human consumption [16] . High performance liquid chromatography with ultraviolet detection (HPLC-UV) is the first chemical analytical method employed for DA detection and is still the most commonly used for monitoring shellfish [17] . The HPLC-UV method has been validated and standardised through the AOAC International Official Methods Program (AOAC method 991.26 and European Committee for Standardization (CEN) method 14176) [18] . Several other chemical methods have been developed to improve analytical sensitivity [19] and include liquid chromatography-mass spectrometry using reaction monitoring (MRM) [20] . Although these techniques provide good accuracy and reproducibility, several drawbacks remain: they require time-consuming sample preparation and the Electrospray Ionization (ESI) interface of the mass spectrometry turns out to be susceptible to salt effects with a decrease in instrumental sensitivity and dynamic range [21] .
Thus, procedures based on HPLC combined with ultraviolet diode array detec-tion (UV-DAD), ESI or MS appear suitable for laboratory assays and confirmatory investigations. However, due to the increasing exploitation of marine coastal resources high throughput screening and/or on-site testing would be more desirable but the standard laboratory instrumentation is often inadequate for such operation as it is expensive, time consuming and not portable. In addition, a method based on enzyme-linked immunosorbent assay (ELISA) has been validated (AOAC method 2006.02) and is officially allowed to be used in the EU for screening purposes [16] . The assay is primarily intended for using in routine monitoring of DA levels in bivalve molluscs to comply with the regulatory MPL, but is also applicable for DA quantification in other marine matrices like algal samples, seawater and body fluids of marine mammals.
Recently ELISA assays have been coupled with screen-printed electrodes (SPEs)
to assemble disposable immunosensors for simple and fast measurement of several types of analytes (pesticides, toxins, heavy metals and hormones) found in the environment and food [22] - [29] . These systems combine the selectivity and sensitivity of immunological assays with a short analytical time and can be inexpensively produced in a "ready to use" form for field analysis by means of a portable electrochemical detector. However, few immunosensors are commercially available at present and they have yet to be established as research or routine tools, due to the lack of validated protocols for a wide range of sample matrices.
In this study, we have directly applied a detection method based on a disposable immunosensor coupled to a highly sensitive electrochemical technique, previously developed for DA determination in mussels [22] , to marine phytoplank- 
Materials and Methods

Chemical and Reagents
Apparatus
All electrochemical measurements were performed using a computer-controlled system, AUTOLAB model PGSTAT 12 with GPES software (ECO-CHEMIE, The Ultrasonic Cell Disruptor system was a SONIFER B12 (G. Heinemann, Germany).
Procedure for Immunosensor Production
The immunosensor for DA determination was realized as described by Micheli et al. [22] based on screen-printed electrodes (SPEs). Immunoassays were performed on the carbon-working surface of an SPE, which was modified in order to obtain a device to react with specificity and selectivity towards analyte. 
HPLC Analysis
For immunosensor validation, separation and chromatographic analyses were performed according to the recommended instructions given in MUS-1 Certi- 
Sampling and Sample Preparations
Samples were collected fortnightly, when possible, at 6 stations, 500 m offshore, Closing plankton net (mouth diameter of 0.21 m and 20 μm mesh size) was towed obliquely for 300 m intervals to obtain concentrated phytoplankton samples. After gentle mixing to homogenize the suspension, each sample was subdivided into two aliquots. A 5 mL aliquot was immediately preserved with 2.5% glutharaldehyde for electron microscopy to confirm species identification [12] . A second aliquot (50 to 200 mL suspension) was concentrated, within 48 h from collection, onto a 5.0 µm membrane filter. The filters were then transferred to a graduated tube and stored at −20˚C for DA determination according to Bates et al. [31] .
For DA measurements, a fixed volume (5. by HPLC methods following Micheli et al. [22] and the procedure reported in [19] [30].
Determination of Recovery
DA recovery from phytoplankton was determined by adding DACS-1 followed by 1 mL of sonicated phytoplankton samples with no Pseudo-nitzschia present (after microscopy measurements) and domoic acid (determined by HPLC measurements)to a 13 mm × 100 mm disposable screw-cap glass test tube at 3 DA concentrations (0.5, 20, 60 ng•mL 
Calibration Plots and Analysis of Samples
Standard curves were obtained using DA standard solutions prepared in 15 mM phosphate saline buffer (PBS), pH 7.4, with 10% CH 3 OH (PBS-M) in the range 0 -500 ng mL −1 for immunosensor and HPLC analysis, respectively.
The data obtained for each curve (measured current versus competitor concentration) for the immunosensors were fitted using a "non-linear 4 parameter logistic calibration plots" [32] and Sigma Plot software (SPSS). The four parameter logistic function (Equation (1)) is:
the parameters "a" and "d" are the asymptotic maximum and minimum values, respectively; "c" is the value at the inflection point (IC 50 ) and b is the slope. The detection limit (LOD) was defined as the decrease of the maximum signal equal to three times the value of the standard deviations (I 0 -3SDs), measured in the absence of DA (I 0 , no competition point). Before analysing samples, the matrix effect was evaluated using phytoplankton samples with no Pseudo-nitzschia present (after microscopy observations) and domoic acid (HPLC analysis), 
Results and Discussion
A total of 105 phytoplankton samples were collected and aliquots immediately observed by light microscopy for a phytoplankton survey. Subsamples for DA analysis were filtered and stored without any washing or other treatment (as described in the experimental section).
Before analyzing samples collected on filters (particulate DA), the effect of this matrix on the immunosensor analysis was evaluated using two spiked blank sensitivity of the analysis (determined by the slope) was not significantly affected by the sample matrix. This effect is very little, as can be observed by the linear regression lines that are superimposed for the two matrices, and parallel but not coincident with that in buffer, probably due to the different composition (ionic strength and matrix components) of the matrix from the algal buffer.
In all cases, the linear range and detection limit (LOD) were, respectively, be- ) and the results were satisfactory. The RSD% values (n = 5) obtained ranged from 2% to 6% for repeatability (intra-day precision) and from 2% to 4% for intermediate (inter-day) precision. The intra-electrode reproducibility, expressed as %RSD, was of 6.6%, for a concentration of 10 ng•mL −1 with n = 30.
Recovery studies were carried out using validation samples collected on the same membrane filters as the ones used for phytoplankton analysis, in order to evaluate the accuracy of the method. Samples were spiked (artificially contaminated phytoplankton) with DA concentrations equal to 5, 20, 60 ng•mL −1 before the extraction. Due to the lack of toxin limit for phytoplankton samples, we decided to validate results using the three concentration levels comprised in the immunosensor linear range. Confirmation of the immunosensor results for spiked samples was obtained analyzing the same extracts by the HPLC method following the AOAC protocol [17] . The recovery of DA ranged between 100% -80%, with good agreement between the proposed and the conventional methods. Table 1 Table 2 ).
This is the first study to document the presence of DA and its concentration in natural phytoplankton samples from the Italian seawater. Although this toxin has been found in shellfish from the Adriatic Sea, on both Italian [33] and Croatian [34] coasts, as well as in cultured strains of the major representative Pseudonitzschia species from Italian waters, no previous research aimed at investigating [36] and more recently in the Eastern English Channel (Normandy, France [37] ). However, the DA levels recorded in our study were comparable to concentrations determined in natural plankton assemblages from the Chesapeake Bay [36] [38] , where the relatively low values measured, despite a massive presence of toxic Pseudo-nitzschia demonstrated also in that area, was considered to be the result of both genetic and environmental factors (e.g. light and salinity). The highest relative levels of DA at the stations VTA, RMB and LTE were also measured in June, but earlier than the maximum record at RMC. Despite this homogeneity in the occurrence of the relative DA peak values, temporal distribution of DA production showed a degree of variability between northern and southern stations. In the north, particulate DA had a winter-spring occurrence, whereas a more diffuse presence throughout the year was detected at south of the mouth of Tiber. In addition, the concentration of domoic acid appeared to be influenced by river runoff and by the prevailing, northward, coastal current [39] with consequent higher availability of nutrients in the sites affected by the Tiber plume. River discharge and nutrient loading have been considered to influence Pseudo-nitzschia population development all over the world, but a direct association between DA fluxes and nutrients in nature definitely deserves further investigation [36] [38].
Conclusion
The data reported in this paper are first to result from the application of relatively simple, practical immunosensors for the monitoring domoic acid in microalgal natural populations of the Mediterranean basin. These sensors showed an operating range and detection limits that made them highly suitable for controls in the field. Thus, they represent an important alternative tool to assist monitoring of potentially harmful DA presence in the marine environment, although further development could contribute to reducing the gap between the HPLC and immunosensor results obtained in this study. In any case, the electrochemical immunosensors were previously developed for DA detection in mussels [22] and were here optimised and applied to detect DA directly in phytoplankton samples, with no matrix effect. Commercially available ELISA kits offer highly sensitive toxin determination in algal extracts and water [40] but our method has proved to be more rapid (1 vs. 2.5 h), simpler and easy to perform, with good accuracy and reproducibility. Thus, this method has a high potential to be an effective screening analytical technique to "sense" DA directly in algal producers and to trace toxin transfer and magnification through the food chain in real time [41] .
